The concentrations of the long-lived nuclear reaction products 129 I and 36 Cl have been measured in samples from the MEGAPIE liquid metal spallation target. Samples from the bulk target material (lead-bismuth eutectic, LBE), from the interface of the metal free surface with the cover gas, from LBE/steel interfaces and from noble metal absorber foils installed in the cover gas system were analysed using Accelerator Mass Spectrometry at the Laboratory of Ion beam Physics at ETH Zürich. The major part of 129 I and 36 Cl was found accumulated on the interfaces, particularly at the interface of LBE and the steel walls of the target container, while bulk LBE samples contain only a minor fraction of these nuclides. Both nuclides were also detected on the absorber foils to a certain extent (≪ 1% of the total amount). The latter number is negligible concerning the radio-hazard of the irradiated target material; however it indicates a certain affinity of the absorber foils for halogens, thus proving the principle of using noble metal foils for catching these volatile radionuclides. The total amounts of 129 I and 36 Cl in the target were estimated from the analytical data by averaging within the different groups of samples and summing up these averages over the total target. This estimation could account for about half of the amount of 129 I and 36 Cl predicted to be produced using nuclear physics modelling codes for both nuclides. The significance of the results and the associated uncertainties are discussed.
Introduction
Accelerator-Driven Systems (ADS) are one of the promising options in GenIV reactor concepts, because they cover both the energy production on a largely improved safety level and the transmutation of already existing longlived nuclear waste into short-lived or stable isotopes. An ADS consists of an accelerator, a spallation target and a subcritical reactor core [1, 2] . Liquid lead-bismuth eutectic (LBE) is a possible target and coolant material due to its favourable nuclear, thermophysical and chemical properties [3, 4] . In the target, radioactive and stable nuclides with masses up to one mass unit higher than the mass of the target components are generated by different proton induced nuclear reactions like for instance spallation and fission. From a safety point of view, special attention has to be paid to the behaviour of radioactive isotopes of volatile elements like Hg, Cl or I. In the case of LBE, the -emitters 208−210 Po generated from bismuth imply an additional risk due to the radiotoxicity of these nuclides combined with the significant volatility of the element polonium.
A prototype of a liquid metal spallation target -MEGAPIE (MEGAWatt PIlot Experiment) [5] -was tested in the spallation source SINQ at PSI in 2006, being the first liquid spallation target close to the megawatt range using lead-bismuth eutectic (LBE). The aim of the project was to design, build, operate and explore a liquid LBE spallation target of 1 MW beam power [6] . This first test experiment has been a milestone in the roadmap towards the demonstration of a working ADS concept and the feasibility of high power liquid metal targets in general [7] .
For a safe operation of such a facility, the knowledge of the residual nuclide production in the target as well as the activation of the surrounding components is mandatory. Furthermore, the chemical behaviour of the generated radionuclides determining their distribution in the system is certainly safety relevant. Consequently, radiochemical 129 I and 36 Cl in MEGAPIE analyses of irradiated materials from liquid metal targets to determine both the content and distribution of generated radionuclides are important to benchmark theoretical predictions of nuclide production as well as for the estimation of safety hazards of future lbe nuclear facilities during and after operation, the latter also including options for intermediate or final disposal. The analysis of samples from the irradiated MEGAPIE target, within its post-irradiation examination (PIE) program [8] , is a unique opportunity to collect such data on radionuclide production and distribution within a high power liquid metal spallation target. Among the many radionuclides produced in a liquid LBE spallation target, those of the halogens chlorine and iodine are of special interest because these elements are volatile and many of their isotopes show decay characteristics that make them problematic concerning safety: iodine has several short-lived isotopes ( -produced by fragmentation as well as neutron activation from Cl impurities, are important for the final disposal of the irradiated target material.
In this paper, we report on analytical results for the 129 
I and
36 Cl content in the megapie target, obtained using accelerator mass spectrometry (AMS) after a radiochemical separation of the elements from samples representing different locations within the MEGAPIE target, specifically the bulk target material, its interfaces with the construction materials (steel) and the cover gas, and a set of noble metal foils that were installed in the cover gas volume to capture released volatile radionuclides. We discuss the inhomogeneous distribution of the nuclides found within the target and outline a method to roughly estimate the total 129 I and 36 Cl content of the target from the analytical data. Finally, we compare the obtained results to theoretical predictions of the production of the nuclides under investigation obtained by nuclear physics codes and discuss uncertainties and practical consequences.
The MEGAPIE target

Irradiation
The MEGAPIE target was irradiated for 123 days, starting in mid-August 2006, with an averaged current of 0.947 mA of 575 MeV protons [9] . The LBE exposed to the proton beam was continually pumped through the target system ( [10] .
At the beam entry with the highest proton density the LBE was heated by the proton beam to about 340 ∘ C to 350 ∘ C [11, 12] . From this nuclear reaction zone, the liquid metal moved upwards through the electromagnetic pump until it was diverted close to the top of the target (segment H07) to flow down again through the heat exchanger,
where it was cooled down to approx. 230 ∘ C [11] and finally returned to the nuclear reaction zone. In the topmost part of the target, the LBE loop was connected to an expansion volume, where the liquid metal was in contact with a cover gas (Ar). The mass transfer between the loop and this expansion volume was enhanced by level changes of the liquid metal caused by thermal expansion and contraction of the LBE with changing operating conditions (temperature changes induced by beam trips and switching between standby and full power operation modes). In the gas space of the expansion volume, a set of noble metal foils (Ag and Pd) was installed to serve as adsorber for volatile radionuclides potentially released to the gas phase. This expansion volume was connected to a large and complex cover gas system [10] that served for storing gases until their radioactivity decreased sufficiently to allow venting. The nuclear reaction products -mainly formed in the beam entrance zone -were circulated through the target system by the liquid metal flow, being exposed to thermal gradients and coming in contact with surfaces of the structural materials. In this complex system, the nuclear reaction products can undergo numerous chemical reactions with the target material itself, other nuclear reaction products in LBE, the structural materials and impurities in the target material and the cover gas [13, 14] . These reactions may cause formation of compounds insoluble in the liquid metal or volatile species that are released from the liquid metal, thus leading to inhomogeneous distribution. The consequences of this scenario for the analysis of samples from the MEGAPIE target and interpretation of the obtained data are discussed in the following sections.
Radiological and chemical boundary conditions
The nature of the MEGAPIE target makes it a challenging object for chemical analysis because of various reasons. The target is highly radioactive after its irradiation, making sample taking a tremendously difficult task involving a lot of complex, time consuming and expensive hot-cell work. Moreover, the target itself is an extremely complex system where the liquid metal not only serves as spalla- tion target but also as a medium for chemical reactions involving the generated radionuclides. The liquid metal and the radionuclides therein are exposed to a complex flow field and temperature gradients, where the contact with construction materials and the cover gas -including impurities contained therein -may lead to chemical reactions causing inhomogeneous distribution of the nuclides [13, 14] . In particular, accumulation of insoluble materials may occur on surfaces, as was reported for nuclides of electropositive elements such as 173 Lu [15] . A further complication arises from the possible release of volatile elements from the liquid metal to the cover gas system that can potentially lead to depletion in the target material. This complexity makes it desirable to analyse sets of samples from as many different locations within the target as possible. However, the analysis of 129 I and 36 Cl requires a relatively complex analytical procedure involving chemical separations followed by Accelerator Mass Spectrometry (AMS), limiting the number of samples that could be analysed with reasonable effort. We therefore strived for a compromise between the demand for representative sampling and the practical limitations posed by radioprotection issues and availability of AMS by analysing a reasonable number of samples from different locations within the target, i.e. the bulk LBE, its contact interfaces with the construction materials and the cover gas and also samples from the noble metal foils installed in the cover gas for capturing volatile elements. Based on the distribution of the studied radionuclides, we calculated values for the individual types of samples that can be used to roughly estimate the total content, which then can be compared to the results of predictions obtained by nuclear physics codes. The uncertainties of this approach will be critically discussed.
Sampling procedure
After a decay period from 2006 to 2009, the target was cut into the segments H01 up to H09 (Figure 1 ). Samples were taken from segments H02 to H09, from the lower part H02 to H06 by core drilling either in the bulk LBE or at the and the absorber foils in the expansion volume located in H09, comprising various samples from the bulk LBE, the LBE/steel-interface, the LBE/cover gas-interface and the absorber foils. In the following, we will describe these individual sample sets in more detail. Additional information on the individual samples is compiled in Table 1 .
Samples from bulk LBE
Bulk LBE samples were obtained by core drilling in the top and bottom surfaces of the segments using a self-made core drill. The resulting samples were visually homogenous cylinders with a diameter of 2 mm and a length of 5 mm. From the 43 samples obtained in this way from the bulk, 16 samples covering the full height of the LBEcontaining part of the target (i.e. from segments H02 to H07) were selected for analysis.
Samples from the LBE/steel-interface
LBE-steel interface samples were obtained using the same core drilling procedure, the only difference being the centre of the drill placed directly at the LBE-steel interface. In this way, samples were obtained that consisted of an LBE part and a steel part each corresponding to approximately a half cylinder with the dimensions mentioned above. For the analysis of 129 I and 36 Cl we selected six samples from the segments H03 to H06. For two of these samples (H05-D6(2)-b and H06-D2S) both the LBE and the steel part was available for analysis, while for the remaining samples only either the LBE part or the steel part was analysed. An important criterion for the selection of the samples was that they had a defined shape that allowed a reasonably precise estimation of the surface area of the LBE-steel interface region, since this quantity will be later used to estimate the total amount of the studied nuclides accumulated on the LBE-steel interface regions of the target.
Samples from the LBE/cover gas-interface
The third type of samples represents those sections of the target where the LBE was in contact with the Argon cover gas during operation. This set of samples is more heterogeneous than the bulk LBE and steel interface samples, both in the sense that it comprises materials of different nature taken from different locations in the upper part of the target and also in the sense that these samples do not consist of a single homogeneous phase or an interface with defined geometry, but they are composed of both LBE and another solid material, and most of them have an irregular shape. This set of samples comprises both material from the surface of solidified LBE found in the section H07 of the target as well as material found sticking to the walls of certain parts of the sections H07 and H08. Unfortunately, it was not possible to completely separate the LBE and the solid contamination by mechanical or chemical means. This heterogeneity makes it desirable to discuss more in detail the mechanisms that probably lead to the formation of these types of samples: During operation of the target, the free surface of the LBE was located in the lower part of the expansion volume represented by the section H08 (Figure 1 ). After the end of irradiation, the level of this free surface declined due to thermal contraction of the LBE, leaving the segment H08 virtually free of LBE, apart from some material that remained sticking to the steel walls. The latter is the origin of all the H08 samples analysed here. However, this material is not homogeneous. By visual inspection it became obvious that two different kinds of material were located in this region of the target. One type consists of solidified LBE that is contaminated with a dark solid. This sub-type of samples is represented in our analyses by two fragments of sample H08-U2 that have been separately analysed to obtain information on the uniformity of the nuclide distribution in this type of sample. The other type of sample from segment H08 (H08-U1-b) consists of grey and yellow coloured brittle solid material that had the appearance of a powder that is sintered to form a crust sticking to the steel wall. It seems likely that it consists to a substantial part of lead and/or bismuth oxides that are possibly held together by a certain amount of solidified LBE. Finally, we studied two different samples from segment H07. Sample H07-U2 represents material that is similar to sample H08-U2. It was found sticking to the wall of a ring-shaped structure. Sample H07-S represents the solidified free surface of LBE that was found within another ring-shaped structure of H07. The complete surface of the LBE was covered with a thin layer of a dark solid material. Several samples were obtained from this surface using the core drilling technique. The samples obtained in this way consisted only to a small part of the dark deposit located on the top surface of the cylinder, while the major part represents the LBE located underneath. To obtain more information on the distribution of the studied nuclides between the dark deposit and the LBE, for the one sample of this type we separately analysed the top 0.5 mm of the sample cut using a scalpel, containing the dark layer, and also a part of the sample lying below the top surface. However, because of the rather crude cutting, even the "surface" part of the samples consisted of LBE to a large part, and no sample that was fully representative for the black deposit was obtained.
Samples from the absorber-foils in the expansion volume
In order to obtain information on possible iodine and chlorine release from the liquid metal, we additionally analysed samples from the absorber foils that were installed on the central rod in the target's expansion volume (H09, Figure 1 ). This absorber consisted of six layers of silver foil and one palladium foil, stacked onto each other, as shown in Figure 2 . To obtain information on the uniformity of depositions from the gas phase, two samples, a and b, were taken on opposite sides of each foil as illustrated in Figure 2. For analysis, we used small pieces (5-46 mg) of each foil which were visually checked for not being contaminated by splashed LBE.
Chemical separation of 36 Cl and 129 I from LBE and absorber foils
The method used for the separation of iodine and chlorine has been adapted from a previous one developed for the separation of halogens from irradiated Bi-and Pbtargets [16, 17] . 12 mg of LBE, together with iodine carrier (about 12 mg iodine, Woodward Iodine Corporation, USA) and chlorine carrier (10 mg chlorine in form of NaCl, from Merck) were dissolved in 5-7 ml 7 M HNO 3 in a threeneck-flask in an N 2 atmosphere at room temperature. After complete dissolution, the reaction mixture was heated up to 100 ∘ C. Samples consisting of steel with no or only tiny amounts of adherent LBE where treated as well with 7 M HNO 3 to dissolve LBE and also deposited I and Cl adhering to the steel surface, as described above for bulk LBE. The steel remains undissolved under this treatment.
Additionally, small pieces (between 5-46 mg) from the absorber foils (Pd and Ag) were analysed. The Pd foil was first dissolved in 7 M HNO 3 and afterwards the distillation of chlorine and iodine in a N 2 atmosphere was performed, as described above, using between 10 and 30 mg iodine and 10 mg chlorine carrier. The Ag foils were dissolved in 7 M HNO 3 and afterwards iodine carrier (10-30 mg) and chlorine carrier (10 mg) in hydrazine solution were added leading to a precipitation of AgI and AgCl. Since evaporation of the halogens is not expected under these conditions, the distillation step was omitted. The reprocessing for 129 I and 36 Cl from the absorber was the same as described above for LBE samples. Corresponding blank samples for 129 I and 36 Cl were prepared employing identical procedures as described above, using about 12 mg of inactive LBE from the batch of LBE used for the MEGAPIE target. For the analysis of the surface samples six blank experiments were performed after the experiment series. In order to conservatively estimate the background, the highest ratios of 129 I/I and 36 Cl/Cl, respectively, were used. For the analysis of bulk samples and the Pd-foil of the absorber, blanks were performed before each separation.
AMS measurement
Both isotopes were measured at the Laboratory of Ion Beam Physics at ETH Zurich. For details of the measurement techniques and the facilities see [18] .
129 I/I ratios were determined using the 0.6 MV TANDY AMS facility. The AgI sample is loaded in a metallic cathode and bombarded with caesium ions, which sputter and ionize the iodine atoms, extracting negative iodine ions. Helium is used as gas stripper, generating 2+ charge state for iodine after stripping. Background effects were evaluated using iodine blanks (Iodine, from Woodward Iodine Corporation, USA).
36 Cl was measured at the 6 MV EN TANDEM accelerator with a Cs gun ion source. The Cs vapour is ionized on a hot frit and the sample is sputtered with the Cs beam. The sample material (AgCl) is pressed on a flat Cu sample holder that is equipped with a Ta inlay. At the low energy side, negative Cl ions are measured in offset Faraday cups after the low energy magnet. The main challenge in 36 Cl AMS measurements is its discrimination from the isobar 36 S. This is done in a multi-anode gas ionization detector and thus requires high ion energies. The TANDEM is running at 5.8 MV and ions are analysed in charge state 7+ after foil stripping, resulting in an ion energy of 46.4 MeV [18] .
Uncertainties
The uncertainty of each single measurement was calculated using standard error propagation methods. We consider the uncertainties from the Eppendorf pipette (±0.8%), from the carrier (chlorine: ±4.22%, resulting from weighing the sample and from pipetting the NaCl solution; iodine: ±0.7%-1.2%, from weighing), from the uncertainty in the yield of AgI and AgCl precipitation (±0.3%-2.5%), and from the AMS measurement (±2%-19%).
Results
36 Cl and 129 I concentration in bulk samples
The results obtained for 129 I activity concentrations found in the bulk samples are visualized in Figure 3 , ordered according to the flow direction of the LBE, starting with samples where the LBE was flowing from the nuclear reaction zone upwards through the pump and coming down through the heat exchanger back to the lower part of the There are numerous mechanisms and phenomena that can explain how and why an enrichment of a certain element could occur at various locations in the target. These will be discussed later in this paper in context with all the available results obtained for different sample types. However, although in principle the effect can be explained, the question of how representative the samples are concerning the 36 Cl-content cannot be answered in a fully satisfactory way. Therefore, the results presented above for 36 Cl in the bulk have to be taken with caution.
129 I and 36 Cl in LBE/steel-interface samples
The radionuclides in these samples are most probably accumulated in thin surface layers on both LBE and steel parts of the samples that represent the contact surface. This is intuitively clear for the steel specimens: It is unlikely that the radionuclides produced in the LBE could diffuse into the steel under the prevailing conditions. Indeed, -spectrometric analysis of other radionuclides, e.g.
173 Lu [15, 19] , in the same steel samples used here showed that these nuclides are present as a layer on the steel surface that can be almost completely removed (>98%) by the leaching procedure described in the experimental section. We assume that the 129 I and 36 Cl detected on the steel specimens are also associated with this thin layer located on the interface of LBE and steel, and that they were removed completely from the steel surface by the leaching procedure. For the LBE part of the interface samples, we generally found much higher activities per mass unit compared to the bulk LBE samples (factor 30 to 100 for 129 I, factor of approx. 4 to 50 for 36 Cl), see Table 2 . This is consistent with the assumption that a thin deposition layer containing the radionuclides formed during operation of the target at the LBE steel interface. When samples are taken from the interface by core drilling and afterwards breaking apart the steel and LBE part, variable fractions of this deposition layer stick to both the LBE and the steel part. As a consequence of this multi-phase nature of the interface samples, it does not make sense to present the results of analysis in form of activity concentrations. Instead, we give the results in Table 2a in form of total activity per sample as well as activity per unit surface. The interface surface of the samples was determined by measuring the dimensions of the samples. As an example, the interface area of LBE with the steel container material in a complete and fully symmetrical core drill of 2 mm diameter and 5 mm length, as depicted in Figure 5 will be 1.0 × 10
However, all of the analysed samples were not fully ideal. Most of them were drilled slightly asymmetrically. Furthermore, in many cases the core was slightly shorter than the nominal 5 mm. Thus, all of the samples investigated had a smaller area than the ideal 1.01 × 10 −5 m 2 . In a few cases, only fragments of a core were analysed. We assume that the uncertainty of the estimation of the surface area is smaller than 15%. [20] , and then the total activity sticking to the target walls was calculated by summing up both contributions. This estimation relies on the assumption that the average of the surface activities of the studied samples is representative for the complete target. With the few samples studied and the large scatter observed in the analysis results, this assumption is rather rough, in particular for 36 Cl. However, the assessment should allow at least concluding on the order of magnitude of the total 129 I and 36 Cl content in these interface samples. The large scatter of the analysis results and the small sample number are reflected in the large uncertainties given, which were derived from the standard errors of the mean values of individual sample sets. In Table 2b the total activity obtained by this extrapolation is compared to the predictions of the nuclear codes. The total corresponding to 44 ± 23% of the averaged predictions of the two nuclear physics codes [10] . For 36 Cl we obtain 12 ± 6 kBq, corresponding to 48 ± 26% of the predicted amount.
129 I and 36 Cl in the LBE/cover gas-interface samples
All samples taken from those parts representing the LBE/cover gas-interface were not single phase but rather a conglomerate of LBE and another solid material (in the following referred to as "deposit") in varying proportions. This deposit was known from -spectrometric analyses [15] to be enriched in electropositive nuclear reaction products. It was suspected that a similar enrichment could also have occurred for iodine and chlorine. Unfortunately, it was not possible to fully separate the deposit from the LBE by mechanical or chemical means. Thus, no explicit data on the radionuclide content of the pure LBE-free deposit could be obtained.
The results are compiled in Table 3 . Because of the multiphase nature of the samples we cannot provide activity concentrations as in case of the bulk samples. Therefore, the absolute activities exp found in fragments of a mass of analysed are given for each sample together with the total mass of the retrieved sample, sample . If we look at the ratios exp / analysed found for the halogen nuclides and compare them to the activity concentrations obtained in the bulk LBE (Section 3.1), we find that sample H07-S(b) contains an amount of 129 I similar to the activity concentration found in the bulk samples. The values of activity per mass unit of the other four samples vary strongly, being 1 to 3 orders of magnitude higher than the bulk activity concentrations. These results confirm that the major fraction of the 129 I and 36 Cl found in the interface samples is associated with the black, grey or yellow solids con- 1.1 ± 0.01
Total activity in free surface tot (Bq)
1.2 ± 0.1 (10.4 ± 0.6) × 10 1
(1) LBE contaminated by dark deposit, remainder of free surface, sticking to the steel wall; (2) core drill in free surface: (a) top of core drill containing the dark deposit; (b) LBE from approx. 500 μm below free surface. 
tot = typ, H07-U2 + typ, H07-S(a) + typ, H08-U1-b + typ, H08-U2 .
(9) detection limit.
stituting a variable fraction of these samples (see section 2.3.3). Sample H07-S(b) had the surface deposit removed and thus corresponds to bulk LBE. The largest activities per unit mass of both nuclides are found in the material that was sticking to the walls of segment H08 (see Table 3 ; H08-U1-b for 36 Cl, H08-U2 for 129 I).
In the following, we roughly estimate the total amount of 129 I and 36 Cl associated with the depositions in the top part of the target, corresponding to the free surface of LBE and its remainders sticking to the walls of construction materials. For this purpose, we first estimate the activity of each nuclide associated to the four different free surfacerelated types of material, using knowledge from construction drawings, visual inspection of the respective target sections during sampling and in some cases conservative assumptions. For the sample taken by core drilling in the solidified LBE free surface itself (H07-S) we know the area of the top surface of the cylinder. By relating this area (3.14 × 10 −6 m 2 ) to the surface area of the ring structure that contained the LBE free surface (0.03 m 2 ) we can extrapolate to the activity contained in that ring structure by dividing the measured activity by the ratio of cylinder top surface to the total LBE free surface, 1.1 × 10
For material similar to the sample H07-U2, we estimate from visual inspection during the sampling that we have retrieved about 10% of this LBE contaminated with a dark solid from the ring structure it was located in. Sample H07-U2 itself constituted about 10% of the retrieved material, and thus to a fraction of 0.01 of the total material of this type present in the target. To estimate the amount of the studied nuclides in this material, we assumed that the analysed part (14.7 mg) is representative for the complete sample (226.1 mg), and moreover also for the entire material of this kind present in the target. Then, the activity associated to this type of material can be estimated by dividing the activity found in the analysed part of the sample by the mass ratio and the fraction estimated above.
Sample H08-U1-b consisted of grey and yellow deposit sticking to the central rod located within the expansion volume of the target. From visual inspection we can state that we were able to retrieve the major part of this material, i.e. at least 50% (1.6 g). For our conservative evaluation we use this fraction. The sample studied here represents 10% of this material. The activity in this material was estimated in a similar way as outlined above for sample H07-U2, assuming that the analysed part of the sample (12.0 mg) is representative for the complete sample (159.3 mg) as well as for all the material of this type.
Only a small amount of material similar to sample H08-U2 was found in the target. This material was completely retrieved, amounting to 0.24 g, sample H08-U2 representing roughly 70% of it. Cl found on specimens from the silver and palladium foils installed in the expansion tank to trap volatile radionuclides that are potentially released to the cover gas. Generally, the results obtained from the two specimen analysed from each foil agreed well, indicating that the distribution of the two nuclides over the individual foils is rather homogeneous. Thus, we consider the average of the two experimental values representative for the individual foils and integrate the averaged activity concentrations over the mass to obtain an estimate for the total content of the individual foils. 
Discussion
Samples from the MEGAPIE target representing the bulk LBE, the interface of LBE with the steel walls of the target container and with the cover gas as well as samples from absorber foils located in the cover gas space were analysed for 129 I and 36 Cl. The individual contributions of the four different sample types to the total radioactivity were roughly estimated. The results of this estimation are summarized in Table 5a and b and compared to predictions on the radionuclide production during the MEGAPIE irradiation obtained by two different nuclear physics codes employing different nuclear models [10] . We observe a reasonably good agreement of analytical data with the predictions. with the situation being less clear in this case because of the large scatter of the data in both bulk and LBE/steelinterface samples. On the free surface of the LBE that was in contact with the cover gas during operation of the target, a strong enrichment of the two halogen nuclides compared to the bulk is observed. However, the contribution of this fraction to the total radioactivity is small because the area of this LBE cover gas interface is much smaller than the target inner surface and therefore negligible. A similarly small fraction of 129 I and 36 Cl was found on the noble metal absorber foils that were installed in the expansion tank to trap volatile elements released from the LBE. The small amounts of the halogen nuclides found on the absorber foils do not indicate a substantial release of the halogens to the cover gas. However, in principle released halogens may have passed the absorber foils and deposited on the walls of the expansion tank and the cover gas system or even have been released from the target system with the exhaust gas that was extracted typically once a month during operation. On the other hand, in gas samples taken during the operation of the target only traces of iodine isotopes were detected, too low to extract quantitative information [10] . Furthermore, also in the exhaust gas monitoring no large quantities of iodine isotopes were found [10] . Finally, in dedicated experiments on the evaporation of iodine from LBE [21] it was shown that significant evaporation occurs only at temperatures >500 ∘ C, much a Average of two calculations using different nuclear models. higher than the temperatures of the LBE free surface in the MEGAPIE target during operation (approx. 280 ∘ C [10] ).
Putting all this information together, it seems unlikely that a large fraction of the halogens was released to the cover gas. Nevertheless, it is noteworthy that the amount of 129 I and 36 Cl accumulated on the absorber foils is similar to that estimated for the total LBE/cover gas-interface, i.e. an area where the halogens were clearly found to be enriched compared to the bulk. Furthermore, the fraction of the total 129 I amount on the absorber (0.01%) is much higher than the fraction estimated to be present in the expansion tank under equilibrium conditions (5 × 10 −14 %) [22] . Both facts clearly indicate a certain affinity of the noble metal absorber foils to halogens. The distribution of 129 I and 36 Cl in the bulk, LBE/steelinterface and LBE/cover gas-interface samples is similar to that observed for lanthanide nuclides [19] . Lanthanides are incorporated into solid layers, most likely of oxidic nature, that are formed or are already present at the interfaces. The results of the present work indicate that the same solids are also enriched in 129 I and 36 Cl. In contrast to the strongly electropositive lanthanides, the electronegative halogens will not be present in such layers in a cationic form. However, they are highly reactive towards metals [23] and form stable halogenides with almost all metals, among them the components of the liquid metal matrix, lead and bismuth [24] . Thus, it is an obvious conclusion that iodine and chlorine nuclides, after they have been formed by nuclear reactions within the LBE, will chemically react with the matrix material. Because of the complexity of the liquid metal target system [13, 14] , e.g. oxygen, corrosion and spallation products. Therefore, the final reaction product will not be a simple single phase solid such as PbX 2 (X = Cl, I), but rather a complex phase or even multi-phase mixture where iodine and chlorine are probably present in anionic form. It seems plausible that in such a solid, iodine and chlorine could be bound in a similar way as in the oxyhalogenides of Pb and Bi [25] , which are a well-known class of stable compounds, some of the mixed Pb/Bi phases even occurring as minerals, e.g. PbBiClO 2 [26] or PbBiIO 2 [27] . Such materials are of highly polar or even ionic nature and thus will tend to be insoluble in liquid metals. Based on this reasoning it is possible to qualitatively explain the accumulation of 129 I and 36 Cl observed in the interface samples studied here.
The formation of insoluble phases enriched in impurities may also be the cause for inhomogeneity observed in the radionuclide content in the bulk samples: The precipitation of insoluble phases from the liquid metal can also result in the formation of particles that remain suspended in the liquid metal, or such particles are produced by erosion of the material deposited on the walls of the target container. Depending on particle size and distribution in the liquid metal, the individual samples from bulk LBE could contain more or less of such particles enriched in radioactive impurities, or particles of significantly different size, leading to the observed scatter in the analytical data.
Particles containing impurities may even have been present already before the operation of the target. If this was indeed the case, and these particles contained a chlorine impurity, it could explain the fact that the scatter of 36 Cl data is much larger compared to the 129 I data:
The chlorine impurity would be subject to neutron capture under irradiation, resulting in exceptionally high concentrations of 36 Cl in such particles. On the other hand, even if this particle would contain an iodine impurity as well, it would not be enriched in 129 I because a similar nuclear reaction pathway for the production of 129 I from stable iodine does not exist. Thus, qualitatively, the phenomena leading to inhomogeneity of the halogen radionuclide distribution in the MEGAPIE liquid LBE target can be explained by simple chemical plausibility considerations. However, details of the underlying mechanisms cannot be extracted from the present data but remain to be explored in dedicated studies of the associated phenomena.
Summary and conclusions
Both the total amount and the distribution of 129 I and 36 Cl in the MEGAPIE target were determined from samples representing the bulk LBE, the interface of LBE with the steel walls of the target container, interface of LBE with the cover gas and noble metal foils installed in the gas phase for catching volatile radioactive species. The experimental results agree reasonably well with the predictions of nuclear physics codes, as shown in the Table 5a and b. The amounts of 129 I and 36 Cl found on the absorber foils installed in the cover gas are in the order of maximum 0.1% of the total amount of these nuclides present in the target. Together with results from gas phase analysis and other supporting studies, this is compatible with the view that the major part of the halogens is retained in the target.
Nevertheless, a comparison with the extremely small gas phase concentrations estimated for iodine in the MEGAPIE expansion tank reveals an affinity of the noble metals for halogens. Thus, they represent promising filter materials for the development of gas purification systems for ADS and similar installations. The two halogen nuclides were found to be depleted in the bulk and accumulated on the interfaces, predominantly on the steel walls of the target container. Especially for 36 Cl, a strongly inhomogeneous distribution was found even in the bulk LBE that seems only explainable by assuming the presence of particles enriched in chlorine precipitating in the LBE. A chemically plausible explanation for this depletion, accumulation and precipitation effects is suggested. However, a detailed assessment of the mechanisms involved in the depletion and accumulation phenomena is beyond the scope of the present study. Thus, it remains the subject of further dedicated studies to prove or refute the suggested chemical explanation. This could be achieved e.g. by characterising the deposited layers and suspended particles themselves and by studying incorporation of radionuclides into them. Since the deposition processes observed here for the halogens but also in earlier studies for lanthanide nuclides may have significant operational consequences for the operation of future nuclear systems based on liquid LBE, such studies are certainly desirable.
